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Abstract—A novel catastrophic breakdown mode in reverse
biased silicon carbide diodes has been seen for particles that
are too low in LET to induce SEB, however SEB-like events
were seen from particles of higher LET. The low LET
breakdown mechanism correlates with second breakdown in
diodes due to increased leakage and assisted charge injection
from incident particles. Percolation theory was used to predict
some basic responses of the devices.

L INTRODUCTION

Silicon carbide devices are becoming more attractive
for harsh environments due to the inherent toughness of the
silicon carbide substrate. Due to the wide energy band gap,
silicon carbide devices can operate at extremely high
temperatures without intrinsic conduction effects. Silicon
carbide can endure an electric field about eight times greater
than silicon or GaAs before exhibiting avalanche breakdown.
High breakdown electric fields allow for very high-voltage,
high-power devices such as power diodes. Also, devices can
be scaled aggressively, providing ULSI options for integrated
circuits. Silicon carbide has a high thermal conductivity. Heat
will flow more freely through silicon carbide than other
semiconductor materials and most metals at room
temperature. This property allows extremely high power level
operation and the dissipation of the generated energy. The
wide band gap also gives silicon carbide good resistance to
lattice damage, especially from displacement damage. Also,
the wide band gap of silicon carbide corresponds to unique
optical properties, which have been utilized in the fabrication
of blue and green LEDs. 4H-SiC has a band gap energy of
3.26 eV and 6H-SiC has a band gap energy of 3.03 eV. In
comparison, GaAs has a band gap energy of 1.43 ¢V and
silicon has a band gap energy of 1.12 eV. Table I compares
these and other material properties.

Silicon carbide devices are used in a wide variety of
applications and have been studied for radiation effects and
reliability in a wide spectrum of environments [1]-[3]. The
innate robustness of silicon carbide gives it a high breakdown
voltage and resistance to stress induced breakdown [4]-[7].
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Silicon carbide has recently been studied for total ionizing and
displacement damage effects [8]-[12]. Silicon carbide has
shown innate hardness to displacement damaging and ionizing
radiation. Discrete silicon carbide devices have shown a
similar robustness in performance during and after irradiation.
This paper presents and discusses catastrophic failure modes
in silicon carbide power diodes due to proton and heavy ion
radiation that contradicts the current body of results.

TABLE L.
COMPARISON OF SEMICONDUCTOR PARAMETERS.
4H-SiC 6H-SiC GaAs Silicon
Band gap energy [eV] |3.26 3.03 1.43 1.12
Breakdown electric
field [V/cm] 2.2E+06 2 4E+06 3.0E+05 2.4E+05

Thermal Conductivity
[W/em K @ RT] 3.45 3.45 0.5 1.5

Saturates electron drift
velocity [cm/sec (@ E
2 x 10° V/em)]

2E+07 2E+07 1E+07 1E+07

I THEORY

Silicon carbide Schottky diodes have been available
commercially for some time. Schottky diodes have been
shown to be simple to manufacture and the Schottky
architecture has been shown to be very compatible with the
silicon carbide substrate. Silicon carbide’s lattice structure
allows for unique doping structure. Nitrogen doping takes a
carbon site and aluminum takes the silicon site. This
characteristic allows for compensated doping and more
defined intrinsic regions [4]-[6].

Figure 1 juxtaposes a pn diode structure and a
Schottky diode structure. The primary difference is that the pn
diode is a minority carrier device and the Schottky diode is a
majority carrier device. The rectifying structure in the pn
diode is the pn depletion region, while the Schottky diode
uses a metal semiconductor contact as the rectifying junction.
The breakdown characteristics are essentially the same for pn
and Schottky diodes. Silicon Schottky diodes have lower
breakdown voltages compared to similar silicon pn diodes due
to high curvature in depletion region layers, silicon surface
effects, and ohmic contact issues [4]-[6]. Device architecture
can compensate for some of the weaknesses of Schottky
structures. Silicon carbide’s wide band gap, and therefore
higher breakdown voltage, allows for a more robust Schottky
device.

Silicon carbide has many traits that lead to reliability
challenges. First, silicon carbide lattices continue to suffer
from a variety of defect producing impurities [13]. Silicon
carbide can experience burnout due to defects in the lattice
and breakdown characteristics continue to be a limiting factor
in silicon carbide devices [13]. Screw plane defects can cause
microfilaments that lead to device breakdown. Large screw
defects, with Burg vectors over two lattice sites, are called
micro-pipes and are a major failure mode in silicon carbide
substrates [13], [14]. Micropipes and voids in silicon carbide
are very conductive, which causes silicon carbide power
devices to be less reliable. Silicon carbide also has a higher



propensity to negative temperature coefficient breakdown in
the presence of defects. Silicon and silicon carbide have a
20% lattice mismatch. The transition from silicon to silicon
carbide, as in poorly made crystals with areas of only silicon,
can cause defects and stresses on the substrate [15].

Second, silicon carbide exhibits “polytypism,” which
makes fabrication and process control a uniquely hard
challenge for silicon carbide devices. Multiple types in a
substrate can lead to plane, point and screw defects in a
substrate [7], [13]. These defects decrease the breakdown
voltage of silicon carbide. Neutron irradiation has been shown
to induce defects in silicon carbide substrates [15]. The
physical structure and response of cascades from energetically
displaced Si atoms have been investigated [16]-[17]. These
investigations have shown that irradiated silicon carbide can
exhibit clusters of defects tens of nanometers in size.

Silicon carbide has exhibited several reliability
problems that have seriously impacted yield. Figure 2, taken
from [18], plots the distribution of breakdown voltages of
virgin Schottky barrier diodes. These diodes were free of
micropipe defects, which are a major cause of failure in
silicon carbide. Lesser defects are present and presumably
contribute to the breakdown variation. Since defect density
has been correlated with lower breakdown voltages, defects
induced by radiation are expected to lower breakdown voltage
and the determination of this response is a primary focus of
this study.

All diodes exhibit a high current, low voltage
condition after avalanche breakdown that is related to the
thermal breakdown of the device. This is called second
breakdown or snap back. The second breakdown condition
onsets when the intrinsic carrier concentration, n;, is equal to
the dopant concentration, N,, ,, or

n, = Nn,p and (1)

-E

n,=N,N,e )

where, N, is the effective electron density of states in the
conduction band, and N, is the effective density of states in
the valence band [19]. Obviously from (2), high temperature
in a local region, whether caused by ions and/or defects will
drive n; up until (1) becomes true. Second breakdown occurs
at this point through a microfilament path. Defects have been
linked to the formation of microplasmas that can trigger a
temperature rise that initiates second breakdown [18].
Silicon diodes experience the breakdown described
by (1) and (2). In general, these devices will experience the
aforementioned breakdown at very high reverse biases or
under irradiation from high LET (>20 MeV.cm’/mg) ions.
Proton irradiation in silicon diode structures usually follows
the behavior shown in Fig. 3. Reverse bias leakage current
monotonically increases with fluence due to the generation of
defects in the devices. No prompt failures are seen since the
effective LET of a proton induced spallation reaction is not

high enough to induce SEB. The failure mode is simply an
overwhelming leakage current increase.

Silicon carbide reverse biased junctions under
displacement damage inducing radiation will experience an
increase in defects. The same irradiation should cause rare
energy depositions that initiate the microplasmas that trigger
the condition in (1) and (2). The combination of the damaged
silicon carbide, which increase carrier generation sites and
facilitates microplasma, and the charge collection from proton
events should result in a breakdown event. This breakdown
should occur under the following conditions: 1) high voltage
to setup microplasma transport, 2) low LET hadron irradiation
to cause displacement damage but not breakdown the device
immediately, 3) and a critical defect density to provide a
current path. This condition is mathematically described by
percolation theory, which is mainly used in the description of
breakdown in thin oxides in VLSI and ULSI devices [20]-
[24].

Percolation theory in SiO; is similar to the reverse
biased diode in that both have clearly segregated energy bands
[20], [22]. Figure 4 depicts a possible condition for an ion
assisted percolation failure of a device. After enough defects
are induced by ions to almost make a circuit, a rare energy
deposition from a proton, such as a spallation reaction,
completes the circuit and provides enough liberated carriers to
prime to circuit to initiate negative temperature coefficient
breakdown. Since the percolation circuit also contains pre-
irradiation defects like micropipes, these defects would reduce
the number of radiation-induced defects required to complete
the percolation circuit. And radiation induced defect
generation is a stochastic process, so the distribution of
breakdown voltages for the devices tested in this study will be
broad. Figure 5 demonstrates this theoretical response. The
current should rise with fluence at a constant reverse bias
voltage, which is region 1. Region two is after a second
breakdown occurs in the device due to increased defect
population, enhancing microplasma injection from light ions
to form the burnout path.

First order percolation theory reveals a useful
prediction for breakdown damage levels even with the large
noise margins that silicon carbide devices seem to have. First
order percolation modeling is the most precise model that can
be used since SiC devices have inherent variation in response.
Since initial defect density is key for full application of
percolation theory, which is not available for this study, a
general model is presented here.

N, =Ny ll-e®) 3)
is a statement of the generation rate of defects in the active
region. Ny is the number of defects, Ny is the maximum
number of defects, and o, is the cross section for defect
generation in the active region. The actual number of defects
required for burnout is expected to be low, so the following
approximation applies:

N, =N, 0. )
Percolation theory predicts breakdown will occur

when an ion-induced microplasma completes a circuit of
defects. The breakdown field will need to be higher if the



average distance between defects is large. This statement is
essentially

Vip = C(V i )a > “4)

where Vjpp is the breakdown voltage, C and a are constants,
ave :

and ry""* is the average distance between defects. The average
defect distance is related to the defect number by:

3
N, :(dsl‘cj 5)
Ny r

where dg;c is the lattice constant for silicon carbide.
Combining (3) and (5) yields,

1
d R :

r’*=d, . 6

d Sic o ® (6)
Inserting (6) into (4) then yields,

dic )3
Vp =C| —<| . 7
8D (Gt CDJ )

The constants C and a will depend heavily on parameters such
as dopant gradation, contact architecture and initial defect
density. Unfortunately, this information is proprietary or
unobtainable to this study, therefore the exact values of a C
and a cannot be verified. Equation (7) should apply to both
biased and unbiased irradiation, but the constants will change
to accommodate the different average defect distance.

Since a high LET particles will deposit enough
charge to set up the micorplasma event, the response will be
similar to SEB in other power devices. That is, SEB will occur
at a critical voltage at relatively low fluences. Therefore,
reverse biased silicon carbide diodes should be seen to
experience a SEB like breakdown under irradiation with high
LET ions and experience a second breakdown event after a
critical amount of low LET irradiation.

III. PROCEDURE AND SETUP

The parts selected for this study were silicon carbide
diodes from Cree, Inc. CSD01060 and CSD04060 are the part
numbers. These are Schottky diodes that are available
commercially.

For the primary measurement method, an HP4142
modular semiconductor measurement system was used with a
200 volt module (HP41420A), connected to the anode, and a
single 1000 volt module (HP 411423 A) was connected to the
cathode. The HP4142 was connected to and controlled by a
computer via a general-purpose instrument bus (GPIB).
Electrical breakdown was defined as the voltage where the
collector current (Ic,) reached the HP4142 current limit of 10°
3A. Electrical measurements were performed using the
HP4142 source modular unit (SMU). Prior to irradiation all
devices were characterized for forward voltage (V¢) and
leakage current (Ic,) from anode to cathode.

To ensure that the testing method was not a factor in
the breakdown of the device, a manual system was employed
for a significant fraction of the proton testing. A discrete
1000V power supply was used to force a reverse bias while a

DMM was used to measure leakage current. The leakage
current could be measured by hand or captured through and
RS-232 interface. In both test methods, the circuit impedance
was keep low by using low impedance coaxial cables. The
voltage drop seen across the cables was negligible.

The SEU test facilities at BNL provide a wide range of
ions and energies for SEE testing. Crocker Nuclear
Laboratory (CNL) of the University of California at Davis
(UCD) has developed a facility to test radiation effects on
photonic and electronic devices. The facility provides proton,
deuteron and He-4 (alpha-particle) beams up to 68, 45, 90
MeV respectively. The devices all had active regions under 20
micrometers, so all the ions used in this study had constant
LET over the device region. A list of ions used in this study is
shown in Table II.

TABLE II.
IoNS USED IN THIS STUDY.
Ion @ Energy LET (MeV Facility Range in silicon
cm’/mg) (microns)
Protons @ 63 0.01 CNL >1000
MeV
Lithium @ 0.37 BNL 306
99MeV
Fluorine @ 125 3.634 BNL 102
MeV
Bromine @ 36 BNL 63.5
210MeV
Iodine @ 59.8 BNL 31.6
329MeV
Iv. RESULTS

Since the variance of breakdown voltages of these
devices is known to be large, a large number of devices were
tested to ensure statistical significance. Tables III and IV list
the statistical details of the study. For the proton tests, the
variance in breakdown fluence was seen to converges on a
limiting value when over 10 devices were tested. The variance
in the breakdown voltage for heavy ions was very small due
to the reproducible nature of the effect. Both of the methods
of employing the HP4142 and the manual method reported
equivalent results.

Proton irradiation did not affect the parts until
prompt failure occured that is identical to second breakdown,
i.e. high current and low voltage, as shown in Fig. 6. For
fluences lower than 10" ¢cm™, breakdown did not occur for
devices irradiated unbiased or biased lower than 400V when
brought up to rated reverse bias, or 600V. This implies that
the breakdown mechanism is due to the proton-induced
events, such as spallation reactions, under bias coupled with a
damaged substrate.

TABLE III.

DETAILS OF PROTON IRRADIATION — CSD1060
Reverse bias | # of devices Average Sigma of @gp
[V] tested ®pp [em?] | [em™?]

400 19 6E14 5.00E+14
500 17 2.32E13 1.00E+13
550 10 1E13 5.67E+12
600 24 5.1E12 5.03E+11




TABLE IV.

DETAILS OF HEAVY ION IRRADIATION — CSD1060
Ion SEB voltage range # of Average @pp
species [V] devices [cm™]

tested
Li 25 3 1.5E9
F 25 3 2.5E8
Br 50 2 2.65E5
1 50 2 SE5

Figure 6 compares well with the conceptual
prediction of Fig. 5. The device experiences a catastrophic
breakdown after a smaller increase in the leakage current. The
device did not show a steady increase in current below the
small jump at 7x10'" cm™. Current density may require a
critical dose to increase significantly. Several technologies
have shown a critical dose response [25], [26]. The jump in
current before catastrophic failure is an anomaly. Most
devices do not notably change in leakage current from proton
irradiation.

To elucidate the intrinsic variance in the response of
these devices, a test run of eight devices are shown in Fig. 7.
Of these eight devices, one was irradiated at 600V reverse
bias (Fig. 7a), three were irradiated at 500V (Fig. 7b), and
four were irradiated at 550V (Fig. 7c). From these plots, the
extreme variance in device parameters and response can be
seen. Initial leakage current, slope of current increase with
fluence, and the fluence at which breakdown occurs all have
wide variation. This is not surprising considering the results
shown in Fig. 2.

Figure 8 compares the initial leakage currents at
600V reverse bias for all of the CSD1060 devices tested in
this study. Note that the abscissa is a log axis, which spans
three orders of magnitude range in the values. There is no
clear behavior to the distribution. The values were consistent
between measurements before irradiations. To determine
whether initial current correlates to breakdown voltage
induced by radiation, the initial current and radiation induced
breakdown fluence for irradiations at 500V and 600V are
plotted on Fig. 9. Figure 9a shows the response in linear-linear
scale, while Fig 9b. shows the log-linear response. No clear
trend can be seen relating initial current to breakdown fluence.

From Fig. 9, a relationship between breakdown
voltage and breakdown fluence can be seen. Devices
irradiated at 600V breakdown at fluences one order of
magnitude less proton fluence than devices irradiated at S00V.
The relationship between breakdown voltage and breakdown
fluence is plotted in Fig. 10. Most of the devices biased at
400V didn’t breakdown, so the 400V point in Fig. 10 is a
lower bound. This response agrees with the prediction of (7).
Due to the variation of breakdown fluences of the parts
measured, the one standard deviation errors bars in Fig. 10 are
wide. The error bars are too wide to allow a confident
extraction of the alpha constant, but alpha was seen to be in
the range of two to three.

High LET particles reproducibly induced SEB at a
critical voltage. The precision of the SEB critical voltage is
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listed in Table I'V. The devices irradiated with ions with LETs
over 10 MeV.cm’/mg experience an SEB response at
relatively low fluences. Figure 11 shows the relation between
LET in silicon carbide and the breakdown voltage. The same
data with NIEL in silicon carbide on the abscissa is shown in
Fig. 12. There is a similar strong dependence on NIEL, which
is similar to LET response. Both responses are typical of SEB
responses seen for other power devices. In general, higher
LET particles require less reverse bias and fluence to cause a
breakdown event.

Breakdown voltage as a function of fluence is shown
in Fig. 13, as opposed to total dose, which plotted in Fig. 14.
Higher LET ions require less fluence to cause a breakdown
event. lodine and Bromine induced SEB at low fluences upon
irradiation at the critical voltage of 325V. This indicates that
SEB induced by heavy ions does not require pre-irradiation.
Fluorine, Lithium, and protons require a significant amount of
fluence to induce a breakdown event. Figure 14 depicts
breakdown voltage vs. the product of fluence and NIEL.
Obviously, much less accrued damage is needed to breakdown
a device under high LET irradiation.

V. CONCLUSIONS

Silicon carbide Schottky diodes have shown
unprecedented radiation sensitivity when reverse biased.
Silicon carbide device are normally considered to be
extremely robust to displacement damage inducing radiation,
but the devices tested here show a unique failure mode that
belies this trend. Similar effects were seen with reactor
neutrons, which induce defects differently than the proton
radiation used in this study. Clearly, device testing on silicon
carbide devices will require an exception amount of control of
manufacturing variables to remove the large variance present
in the technology. Future studies will have to go beyond pin
level testing, e.g., employing spreading resistance, resonance,
and annealing measurements, to correlate breakdown
parameters with innate device conditions.
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Fig. 4. Depiction of how a circuit of defects can initiate a prompt breakdown.
Random injection of conductive defects is described by percolation theory.
Conductive defects can be radiation induced defects or clusters, screw defects
or micropipes, or stacking faults. A rare radiation event, like a spallation
reaction, primes the circuit to allow second breakdown.
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occur. Breakdown does not occur when the device is irradiated unbiased and
then biased until much higher fluences.
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Fig. 7a. Response of a silicon carbide Schottky CSD4060 diode to proton
fluence. Device was biased at 600V. The leakage current does not change
during irradiation before the prompt failure.
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Fig. 7b. Response of a silicon carbide Schottky CSD4060 diode to proton
fluence. Device was biased at 500V.
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Fig. 7c. Response of a silicon carbide Schottky CSD4060 diode to proton
fluence. Device was biased at 550V.
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Fig. 8. Normalized distribution of reverse bias leakage current at 600V reverse
bias. The parts tested in this study experiences variance of over three orders of
magnitude. Fifty one parts make up this population.
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Fig. 9a. Scatter plot of the fluence at which breakdown occurred versus the
pre-irradiation leakage current. No trend is obvious except that the irradiation
at 600V correlated to a breakdown fluence one magnitude less than
irradiations are 500V reverse bias.
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Fig. 9b. Scatter plot of the fluence at which breakdown occurred versus the
pre-irradiation leakage current. No trend is obvious except that the irradiation
at 600V correlated to a breakdown fluence one magnitude less than
irradiations are 500V reverse bias.
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Fig. 10 Mean Fluences for prompt failure of csd1060 versus reverse bias
voltage. Error bars are the standard deviation for fluences required for prompt
failure for each bias condition. Due to the large inherent variance in the
breakdown voltages of the devices, the error bars are quite large but a trend is
evident.
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Fig. 11. Voltage at which a silicon carbide diode experiences destructive
breakdown as a function of LETs of different ions. The device begins to
experience immediate SEE type effects at LETs over 10 MeV-cm*/mg.
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Fig. 12. Voltage at which a silicon carbide diode experiences destructive
breakdown as a function of NIELs of different ions.
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Fig. 13. Voltage at which a silicon carbide diode experiences destructive
breakdown as a function of particle fluence.
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Fig. 14. Voltage at which a silicon carbide diode experiences destructive
breakdown as a function of the product of the fluence and NIEL.



